This study presents a micromechanical modeling by the Nonuniform Transformation Field Analysis (NTFA) of the viscoelastic properties of heterogeneous materials with aging and swelling constituents. The NTFA proposed by Suquet (2003, 2004) is a compromise between analytical models and full-field simulations. Analytical models, which are available only for specific microstructures, provide effective constitutive relations which can be used in macroscopic structural computations, but often fail to deliver sufficiently detailed information at small scale. At the other extreme, full-field simulations provide detailed local fields, in addition to the composite effective response, but come at a high cost when used in nested Finite Element Methods. The NTFA method is a technique of model reduction which achieves a compromise between both approaches. It is based on the observation that the transformation strains (viscous strains, eigenstrains) often exhibit specific patterns called NTFA modes. It delivers both effective constitutive relations and localization rules which allow for the reconstruction of local fields upon post-processing of macroscopic quantities.
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This study presents a micromechanical modeling by the Nonuniform Transformation Field Analysis (NTFA) of the viscoelastic properties of heterogeneous materials with aging and swelling constituents. The NTFA proposed by Suquet (2003, 2004 ) is a compromise between analytical models and full-field simulations. Analytical models, which are available only for specific microstructures, provide effective constitutive relations which can be used in macroscopic structural computations, but often fail to deliver sufficiently detailed information at small scale. At the other extreme, full-field simulations provide detailed local fields, in addition to the composite effective response, but come at a high cost when used in nested Finite Element Methods. The NTFA method is a technique of model reduction which achieves a compromise between both approaches. It is based on the observation that the transformation strains (viscous strains, eigenstrains) often exhibit specific patterns called NTFA modes. It delivers both effective constitutive relations and localization rules which allow for the reconstruction of local fields upon post-processing of macroscopic quantities. A prototype of the materials of interest here is MOX (mixed oxides), a nuclear fuel which is a three-phase particulate composite material with two inclusion phases dispersed in a contiguous matrix. Under irradiation, its individual constituents, which can be considered as linear viscoelastic, are subject to creep, to aging (time dependent material properties) and to swelling (inhomogeneous eigenstrains). Its overall behavior is therefore the result of the combination of complex and coupled phenomena. The NTFA is applied here in a three-dimensional setting and extended to account for inhomogeneous eigenstrains in the individual phases.
In the present context of linear viscoelasticity the modes can be identified following two procedures, either in each individual constituent, as initially proposed in Suquet (2003, 2004) , or globally on the volume element, resulting into two slightly different models.
For non aging materials, the predictions of both models are in excellent agreement with full-field simulations for various loading conditions, monotonic as well as non proportional loading, creep and relaxation. The model with global modes turns out to be as predictive as the original one with less internal variables. For aging materials, satisfactory results for the
Introduction
Constitutive relations of solid materials are usually formulated at the engineering, or macroscopic, scale. However, as the loadings become more complex, an accurate description of their response requires the introduction of more internal variables, whose physical meaning is not always clear and for which calibration of more material parameters is needed.
Micromechanical approaches provide an alternative to this phenomenological formulation of macroscopic constitutive relations, based on the observation that all solid materials are heterogeneous at a small enough scale. The present study develops a micromechanically based, reduced model for the effective behavior of linear viscoelastic composites with individual constituents which, in addition to being viscoelastic, undergo aging and swelling. This is typically the case of the nuclear fuel MOX (mixed oxides) under irradiation. Our objective is to predict the effective response of such composites under proportional and nonproportional mechanical loadings as well as under irradiation where aging and swelling play an important role.
Micromechanical models for viscoelastic composites fall, roughly speaking, into one of three categories:
1. Analytical models. For viscoelastic composites, the earlier analytical models can be traced back to Hashin (1965) and Laws and Mc Laughlin (1978) where, using, the Laplace transform, the problem is reduced to finding the effective properties of elastic composites with moduli depending on the Laplace parameter. It is now well-known that the effective properties of linear viscoelastic composites with short memory gives rise to long memory effects (Sanchez-Hubert and Sanchez-Palencia, 1978; Suquet, 1987; Barbero and Luciano, 1995) . Even when the relaxation spectrum of the individual constituents is discrete (Dirac masses corresponding to a finite number of relaxation times), the effective spectrum of the composite may be a continuous functions with an infinite number of relaxation times (see Rougier et al., 1993; Beurthey and Zaoui, 2000; Masson et al., 2012, among others) . Ricaud and Masson (2009) showed that for specific microstructures (two-phase composites whose overall elastic properties are given by one of the Hashin-Shtrikman bounds) the relaxation spectrum of the composites remains discrete. This implies (Ricaud and Masson, 2009; Vu et al., 2012) that the overall constitutive relations of such composites can be alternatively written with a finite number of internal variables. Conversely for composites with a continuous relaxation spectrum, an infinite number of internal variables is required and the advantage of an analytical model for subsequent use in a macroscopic numerical computation is lost. This has motivated the introduction of approximate models with a finite number of internal variables (or equivalently with a finite number of relaxation times) mostly based on the approximation of the continuous relaxation spectrum by Prony series (Rekik and Brenner, 2011; Vu et al., 2012) .
The main advantage of the analytical models, exact or approximate, when they require only a finite number of internal variables, is that their use in a numerical simulation is not significantly higher than that of usual linear viscoelastic constitutive relations (obviously this cost depends on the number of internal variables, or relaxation times, in the model).
A first limitation of the analytical models for viscoelastic composites is that they make use of the Laplace transform to convert a viscoelastic problem into an elastic one. This procedure does not apply rigorously to aging materials whose material properties depend on time. A second limitation of analytical models is that they only deliver the effective response of the composite and no information about the distribution of the fields (stress, strain) at the microscopic scale, except for the first moment (average) of the fields per phase. The same limitation applies to semi-analytical models based on the inclusion problem (Kowalczyk-Gajewska and Petryk, 2011). However, a more detailed information about the statistics of the fields in the phases (field distribution, intra-phase standard deviation) is often essential to predict the lifetime of structures which is governed by local values of the fields (damage or fracture). An approximation of the statistics of the fields in each phase up to second-order can be obtained by means of the effective internal variable theory of Lahellec and Suquet (2007) , Lahellec and Suquet (2013) . However this latter approach does not deliver effective constitutive relations and can only be used to obtain the response of the composite to a prescribed loading path. 2. Full-field simulations. The response (overall and local) of a representative volume element of the composite can be simulated directly (among many other references, see for instance Michel et al., 1999; Zohdi and Wriggers, 2005; González and Llorca, 2007 , for computational micromechanics in general). For linear viscoelastic constituents the unitcell problem is either solved as an elastic problem after use of the Laplace transform (Yi et al., 1998) or directly by a standard time-integration scheme. The advantage of full-field methods is that they account for all details of the microstructure and provide an accurate (exact to round-off errors) description of the local fields. However, a first limitation of these methods is their computational cost. A second limitation is that full-field simulations provide a constitutive update in a step-by-step time integration, but do not provide a closed form expression for the constitutive relations. And even though the investigation of three-dimensional complex microstructures has become a common practice in the recent years, the coupling between computations at the microscopic scale (material) and at the macroscopic scale (structure) is still the exception, despite the attempts to perform computations at both scales simultaneously through nested Finite Element Methods (FEM 2 , see Feyel, 1999; Feyel and Chaboche, 2000) . 3. Reduced-order models. Reduced models aim at achieving a compromise between the two first class of approaches. On the one hand, they are based on numerical simulations at the microscopic scale (which can sometimes be replaced by analytical calculations) and on the other hand they deliver constitutive relations with a finite number of internal variables which can be used in macroscopic computations, at the expense of certain approximations which depend on the reduction method. One of the earliest method of this type is the Transformation Field Analysis (TFA) of Dvorak (1992) further developed in Dvorak et al. (1994) and extended to periodic composites by Fish et al. (1997) . Assuming uniform eigenstrains within each individual constituent, Fish et al. (1997) derived an approximate scheme which they called, for a two-phase material, the two-point homogenization scheme. The original scheme and this extended scheme have been incorporated successfully in structural computations (Dvorak et al., 1994; Fish and Yu, 2002; Kattan and Voyiadjis, 1993) . However, it has been noticed that the TFA induces a spurious kinematic hardening in the effective constitutive relations (Suquet, 1997) and that the application of the TFA to two-phase systems may require, in certain circumstances, a subdivision of each individual phase into several (and sometimes numerous) sub-domains to obtain a satisfactory description of the effective behavior of the composite (Michel et al., 2000; Chaboche et al., 2001; Michel and Suquet, 2003) . The need for a finer subdivision of the phases stems from the intrinsic nonuniformity of the plastic strain field which can be highly heterogeneous even within a single material phase. As a consequence, the number of internal variables needed to achieve a reasonable accuracy in the effective constitutive relations, although finite, is prohibitively high. In order to reproduce accurately the actual effective behavior of the composite, it is important to capture correctly the heterogeneity of the plastic strain field.
This last observation has motivated the introduction in Michel et al. (2000) , Michel and Suquet (2003) of the Nonuniform Transformation Field Analysis (NTFA) where the (visco)plastic strain field within each phase is decomposed on a finite set of plastic modes which can present large deviations from uniformity. An approximate effective model for the composite can be derived from this decomposition where the internal variables are the components of the (visco)plastic strain field on the (visco)plastic modes. In addition, the NTFA provides localization rules which allow for the reconstruction of local fields upon post-processing of macroscopic quantities and it can predict local phenomena such as the distribution of the plastic dissipation at the microscopic scale (Michel and Suquet, 2009 ) under cyclic loading. A common feature shared by the TFA and the NTFA is that these methods are applicable in situations where the superposition principle applies, which in practice restrict their range of application to infinitesimal strains.
First applied to two-dimensional situations by Michel and Suquet (2004) , the NTFA method has also been implemented in three-dimensional problems by Fritzen and Böhlke (2010) and extended to composites composed of a viscoelastic matrix containing elastic inclusions by Fritzen and Böhlke (2013) . By contrast with this latter work, the three phases considered here are all viscoelastic. This opens a new choice for the definition of the modes, which can be defined in each individual constituents or over the whole volume element. Another distinctive feature of the present work is that swelling and aging of the phases are explicitly taken into account.
The paper is organized as follows. Section 2 presents the microstructure of MOX and the behavior of its individual constituents. The NTFA procedure is recalled in section 3 and extended to account for swelling of the constituents. Two possible definitions of the modes, either defined in each individual phase (as done in Michel and Suquet, 2003) and on the entire volume element are introduced. The accuracy of both models is assessed by comparison with full-field simulations in section 4 for non-aging materials and in section 5 for aging materials.
Three-phase particulate composites
Mixed oxide fuel, commonly referred to as MOX fuel, will serve to illustrate the theory developed in this study. It is a nuclear fuel that contains more than one oxide of fissile material, usually consisting of plutonium blended with natural uranium, reprocessed uranium, or depleted uranium (Oudinet et al. , 2008) . It is therefore of composite with, roughly speaking, three distinct phases. A brief account on its microstructure and on the behavior of its individual constituents is given here for the reader convenience. MOX is a three-phase composite with a connected matrix containing two inclusion phases dispersed in the matrix (Oudinet et al. , 2008) . These phases are shown in Figure 1 obtained by electon probe microanalysis (EPMA) where the different colors correspond to different concentrations in plutonium. The three phases can be roughly described as follows:
Microstructure
1. The first inclusion phase (shown in red in Figure 1 ) is a plutonium rich phase with 25 to 30 % of plutonium in mass. This phase will be referred to as the Pu clusters. The swelling of these plutonium clusters under irradiation is quite significant. Their volume fraction in the composite is of the order of 15%. Figure 1 ). Its concentration in plutonium is less than 1 % in mass. It is called the U clusters. The swelling of this phase under irradiation is low. Its volume fraction in the composite is of the order of 25%. The diameter of the U clusters is of the order of 30µm. 3. The matrix phase (shown in green in Figure 1) is intermediate between the two other phases, with a moderate concentration in plutonium (typically 6 to 8 % in mass) and with a moderate swelling strain under irradiation.
Individual constituents
In nominal conditions, the strains remain small and the total strain at a material point x in each of the phases can be decomposed into three contributions:
where ε e is the elastic strain, ε v is the viscous strain due to creep of the material under irradiation and ε s is the eigenstrain (or transformation strain) associated with solid swelling (due to irradiation here, but it could be a consequence of thermal or hygrometric effects in a different context). The elastic strain is related to the Cauchy stress σ by the elastic compliance M (inverse of the elastic stiffness L):
The creep strain is purely deviatoric and depends on the stress σ through a linear relation involving a shear viscosity G (r)
v which is a time dependent scalar, uniform in phase r,
where s is the stress deviator. The time dependence of the shear viscosity G v (t) is due to aging and is discussed in Appendix C. The swelling strain is isotropic, uniform per phase and depends on irradiation (and therefore is a function of time):
where i is the second-order identity tensor. The three phases can be assumed to be isotropic and isotropically distributed in the matrix. To a good level of approximation their elastic moduli can be assumed to be the same. However their viscosity and swelling coefficients differ significantly.
For the same applied stress, the creep strains in the Pu clusters are approximately 2.5 times larger than in the matrix where they are 3 times larger than in the U clusters. Similarly the swelling strains in the Pu clusters are 3 times larger than in the matrix where they are 2.5 larger than in the U clusters.
Reference results by full-field simulations
To the authors' knowledge no complete experimental data are available for the mechanical response of a volume element of irradiated MOX under complex loadings. Most available data pertain to actual pellets where the macroscopic fields (macroscopic strain, temperature) are nonuniform with an unknown spatial distribution. Therefore reference results for the effective response of these three-phase composites under mechanical and irradiation loadings have to be generated using full-field simulations. For this purpose a volume element V of the composite is chosen or generated in such a way that it respects all known statistical information on the microstructure of the material. The response of this volume element to a mechanical and irradiation loading is simulated numerically on a time interval [0, T ] by solving the equilibrium and compatibility equations, together with the constitutive relations of the individual phases and appropriate boundary conditions:
where χ (r) (x) is the characteristic function of phase r. Periodic boundary conditions are assumed on the boundary of the volume element and this choice is reflected by the periodicity of u * (notation #) and anti-periodicity of σ.n (notation -#) on the boundary of V .
The loading is specified by imposing the macroscopic strain path ε(t) and the irradiation history (in other words the history ε (r) s (t) in each phase). The effective (or homogenized) constitutive relations relate the overall stress σ(t) defined as the average of the local stress field
to the history of the overall strain ε and of the swelling strains ε (r)
s . As is well-known (and discussed for instance in Michel et al., 1999) , different loading conditions can be considered, for instance by imposing the macroscopic stress history σ(t), or by imposing the direction of the macroscopic stress and the history of the macroscopic strain in the direction of the macroscopic stress. This latter type of loading, which corresponds for instance to a uniaxial tensile test where the strain the direction of the applied tension is controlled, is best suited for capturing softening effects in the macroscopic response (as it is the case for aging materials) and will be used in the examples of sections 4 and 5.
Generating one, or several, realizations of a "representative volume element" from micrographs of the actual microstructure of the material is an issue by itself. First a software has been developed to process two-dimensional micrographs of the actual material such as those shown in figure 1 and to generate (periodic) artificial three-dimensional microstructures (figure 2).
7
The main ingredients of the tools developed for this purpose are presented in Largenton et al. (2010) and will not be discussed here in great details. The main steps of the procedure are as follows:
1. First, the two-dimensional micrographs (such as that shown in figure 1) are analyzed: each inclusion phase is segmented according to a procedure described in Oudinet et al. (2008) . For each inclusion phase, the surface fraction is determined together with the distribution of diameters in each phase, assuming that each single inclusion can be approximated by a sphere (or a disk). 2. The three-dimensional distribution of diameters of each inclusion phase is deduced from the corresponding two-dimensional distribution by means of standard stereological relations (see Saltykov, 1970 , for instance). 3. A realization of the RVE is generated by the Random Sequential Adsorption Algorithm with these data. All spherical inclusions are assumed to be impenetrable with a safety distance 5 µm. 4. Finally the two-point correlation function for each realization is compared to the experimental one. The agreement is observed to be quite good (Largenton et al., 2010) .
By contrast with the more elaborate procedure of Lee et al. (2009) where the two-point correlation function is used to define an error between the experimental data and the artificial realization, here the two-point correlation function plays no role in the generation of the realization. However it serves to check a posteriori that both two-point correlation functions are in good agreement.
Eight realizations have been generated with the same statistical data namely 15% in volume fraction of Pu clusters with diameter in the range [10µm, 70µm] , matching the experimental distribution of diameters, 25% in volume fraction of U clusters with 30µm in diameter, the volume element being a cube with size (150µm) 3 . Each realization contains 121 Pu clusters of different sizes and 57 U clusters.
A parametric study of the effective response has been performed by a method based on fast Fourier transforms which is a convenient alternative to Finite Elements for volume elements subjected to periodic boundary conditions (Michel et al., 1999) . It shows that the ratio between the size of the volume element and that of the inclusions is sufficient to approach stationarity of the effective behavior with a good accuracy. Similarly it has been found that the statistics of the field distribution in the different phases is also almost invariant from one realization to another. Therefore a single realization (shown in figure 2) has been retained in the full-field simulations.
A parametric study of the convergence of the results with respect to the discretization of the volume element has been conducted in parallel. In the FFT method, a realization is an image discretized into equi-sized voxels and the discretization refers to the number of voxels present in the image. Three different discretizations have been considered for a given realization, 75 3 , 147 3 and 245 3 voxels, and the response of the volume element to a tension-torsion test (test 1 in section 4) with swelling (but no-aging) has been simulated with the three different 8 discretizations. The results for the two finer discretizations showed no significant differences and all subsequent simulations were performed with realizations discretized into 147 3 voxels. Typical material data for the individual phases used in the full-field simulations can be found in table 1. It should be noticed that the contrast in the swelling strain between the Pu clusters and the matrix used in the numerical simulations is artificially larger than in reality (30 instead of 3). This is done on purpose to magnify the effect of the mismatch between the phases.
3. NTFA models
Nonuniform transformation fields
The basic feature of the NTFA theory Suquet, 2003, 2004 ) is a decomposition of the viscous strain on a set of a few, well-chosen, fields, called modes:
where
The choice of these modes is essential in the method and will be discussed in section 3.4.
• the ε
's are the generalized viscous strains associated with each mode for which evolution equations will be derived (section 3.2).
Under the approximation (6), the determination of the field ε v (x, t) reduces to the determination of the M tensorial variables ε (k) v (t). These variables are the internal variables of the effective constitutive relations as will be clear from (17). In this sense, the NTFA is a method for model reduction. It should be emphasized that the number of modes M is chosen by the user and is different from N, the number of phases in the composite.
Schematically, the NTFA proceeds in two successive steps:
• Choice of the modes. It will be seen in section 3.4 that two strategies are possible, either to define the modes on the entire volume element, or to choose the modes with support in each individual constituent.
• Evolution equations for the generalized viscous strains. The evolution equation (3) for the field of viscous strains has to be reduced to a set of differential equations for the generalized viscous strains. These differential equations are derived in section 3.2.
The outcomes are (see section 3.3):
• Explicit constitutive relations relating the overall stress σ(t) to the overall strain ε(t) and to the generalized viscous strains ε
. The macroscopic state variables of the effective constitutive relations are therefore the observable variable ε and the internal variables ε
• Explicit expressions for the local stress and strain fields σ(x, t) and ε(x, t) in terms of the state variables ε and ε
Reduced variables and evolution equations
Assume that the modes µ (k) (x) have been chosen (this choice is discussed in section 3.4). Then under the decomposition (6), it follows from the superposition principle that the local strain field ε in the composite can be written as:
where A(x) is the fourth-order tensorial field of elastic strain localization, * denotes the convolution product, D(x, x ′ ) is the nonlocal operator expressing the strain at point x resulting from an eigenstrain at point x ′ . The strain localization tensor A(x) and the influence tensors
..,N can be computed once for all by solving 6+M +N linear elasticity problems on the RVE (see Appendix B). The corresponding stress field reads as:
The reduced stress associated with the k-th mode is defined as
Using eq. (8), the following relation is obtained:
Using the constitutive equation (3) for the viscous strain-rate, the following relation between the τ (k) 's and the ε (ℓ) 's is obtained:
where the incompressibility of the modes has been used and
Taking the time derivative of (9) and using (12), a differential equation for the τ (k) 's is obtained: v (t))| k=1,...,M is completely determined by the resolution of these differential equations.
Effective response and local fields
The local stress and strain field can be expressed in terms of the state variables by means of relations (8) and (7) which can be re-written in a more compact form as:
and
Finally the overall stress is obtained by averaging the local stress field (8):
with (as is classical) L = L : A .
Selection of the modes
The choice of the modes plays a key-role in the efficiency of the method. There is no universal choice for these modes and they should rather be chosen according to the type of loading which the structure is likely to be subjected to. This implies that the user should have a rough a priori estimate of the domain of variation of the macroscopic strain (or stress), as well as of the intensity of the swelling and of the aging of the phases (variation of the viscous moduli along time). This domain of variation is explored numerically, not in its entirety, but along specific paths, in the same way as an experimentalist would perform uniaxial or multiaxial tests to calibrate a constitutive model. For instance, in the case of swelling, the modes should incorporate information about the response of the volume element under pure swelling of the phases. Similarly if one is interested in the response of the structure under monotonic loading with limited amplitude, the information about the response of the unit-cell will be limited to certain monotonic loading paths in stress space up to a limited amount of deformation. In the absence of such information, standard test should be performed. Given the complexity of the microstructures under consideration, the modes are not determined analytically but numerically from actual viscous strain fields in the unit-cell.
Snapshot method
The modes are selected by the Karhunen-Loève method applied to snaphsots of the viscous strains along certain loading paths. This procedure of selection is sometimes referred to as the Proper Orthogonal Decomposition (POD) snapshot method, widely used in the scientific computing community (pattern recognition, statistical analysis of data....). It seems to have been rediscovered several times under different names (Sirovich, 1987) . It is perhaps best known in Fluid Mechanics (Sirovich, 1987; Berkooz et al., 1993; Holmes et al., 1996) and its use in Solid Mechanics is more recent. It was not known to the authors of the first version of the NTFA method (Michel and Suquet, 2003) . The POD has been extended in various directions, including the Proper Generalized Decomposition method where the shape functions change with time and are computed on-the-fly (Chinesta et al., 2011; Ladeveze et al., 2010) . The simplest version of the Karhunen-Loève method is sufficient here for our purpose.
To keep the loading conditions rather general, monotonic loadings of the volume element are simulated along given directions in the space of overall loadings, consisting of the overall stress σ and of the swelling of the individual phases. In the present study, 6 purely mechanical loading paths have been defined by loading the volume element along 6 stress "directions" Σ 0 s with no swelling of the phases,
whereas the 7-th test correspond to pure swelling of the phases with no overall stress,
s as in Table 1 for each phase. The first 3 stress directions correspond to uniaxial tension in the three different directions and the next 3 stress directions correspond to pure shear. Numerical simulations are carried out along these paths by increasing monotonically the strain in the direction of the applied stress (except for the loading case 7) up to 10 % deformation along the applied stress for the 6 first loading paths ε : Σ 0 = 10%, and up to t = 10 s for the 7-th loading path. For the first 6 loading paths the overall strain-rate is fixedε : Σ 0 = 10 −2 s −1 so that 10 % deformation is attained in 10 s. The material data used in these simulations can be found in Table 1 .
For each loading case Σ 0 , snapshots θ (k) | k=1,..P of the viscous strain field are saved for further processing at different values of the strain ε : Σ 0 along the applied stress Σ 0 . These snapshots are normalized i.e. divided by θ (k) eq where θ eq = 2 3 θ ij θ ij 1/2 (recall that the viscous strains are incompressible). At the end of each simulation of a given loading case, P snapshots are stored (and normalized). In the present study, the snapshots are stored every 0.4 s and therefore P = 25 (each test lasts 10 s). The actual modes are then extracted from these snapshots by means of the KarhunenLoève (K-L) transform (or Proper Orthogonal Decomposition) which is well documented in the literature (see for instance Holmes et al., 1996) .
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First the P × P correlation matrix between the snapshots for the same loading path is formed
and its eigenvalues λ (k) and eigenvectors v (k) are computed. The actual modes are expressed as a combination of the eigenvectors as
Note that the modes, as the eigenvectors of the symmetric matrix g, are orthogonal to each other. Another well-known feature of the K-L transform is that the quantity of relevant information (its correlation with the set of snapshots) contained in an eigenvector v (k) is expressed by the magnitude of the corresponding eigenvalue λ (k) . This property can be used to truncate the set of modes, retaining the most relevant ones. Ordering the eigenvalues in decreasing order, the M modes corresponding to the largest eigenvalues can be selected by applying a threshold criterion
In the present study α = 0.9999 = 1 − 10 −4 .
A first application of the K-L transform is performed with the snapshots corresponding to the same loading path. The resulting modes are mutually orthogonal, but not necessarily orthogonal to the modes corresponding to the other loading paths. Then the K-L transform is applied a second time with the modes selected for each loading path as new snapshots. One could think that the same result would be achieved by applying the K-L transform in one step to all snapshots mixing all loading paths, but this is not the case. Our experience is that the most accurate predictions are obtained with the modes generated by a double application of the K-L transform.
In conclusion, after (re-iterated) application of the Karhunen-Loève transform, M modes have been constructed. These modes are orthogonal to each other, they are incompressible and normalized:
Local or global modes?
In the early version of the NTFA (Michel and Suquet, 2003) , deviced for nonlinear constituents, the modes are defined independently in each individual phase. The restrictions of the snapshots of the viscous strains to each individual phase are stored and processed by the K-L transform. In other words, there are as many sets of modes as phases. The independence of the modes from one phase to the other is essential in deriving the systems of differential equations for the reduced stress τ (k) whose evolution is governed by the other reduced stresses from the same phase (projection of the stress on the modes in a given phase) but not by those of the other phases. In this sense, this earlier approach leads to local modes defined independently in the different phases.
In the present study where the phases have a linear behavior, the differential equations for the reduced stresses can be derived without the assumption that the modes are localized in a single phase (see the derivation of eq. (13) where the linearity of the relation between the viscous strain and the stress plays a crucial role). Therefore the modes can alternatively be defined over the whole volume element V . These modes will be called global modes. Note that the above mentioned local modes are not simply the restriction to each phase of the global modes.
Both definitions of modes, local or global, have been used in the course of the present study.
1. For the local modes which is the original setting of the NTFA (Michel and Suquet, 2003) , we have 7 loading paths, 25 snapshots per paths and 3 phases, hence a total of 525 snapshots. After the first application of the K-L transform and with the threshold value α = 0.9999, the K-L transform selects 3 modes for each loading path, hence a total of 21 modes per phase, and 63 modes for the 3 phases altogether. When the K-L transform is run for the second time, phase by phase, but combining the 21 modes obtained for the different loading paths, 18 new modes are generated for each individual phase, hence a total of 54 modes for the 3 phases. 2. The same procedure is followed for the global modes approach. To achieve the same required accuracy α, 3 modes are required for each loading path, hence a total of 21 modes. Then, when the K-L transform is run again on these 21 modes, 18 modes are generated.
The two approaches are illustrated in Figure 3 . The first modes extracted in each phase by the application of the K-L transform (iterated) are shown in subfigures (a), (b) and (c). The last subfigure (d) shows the first global mode over the whole volume element for the same loading path. As can be seen the local modes are not just the restriction to the phases of the global mode. The approach by global modes requires less internal variables at the macroscopic scale (18 internal variables instead of 54) and it is certainly more attractive from the point of view of the cost of the structural calculations performed with the effective constitutive relations (17). However, before concluding in favor of the global approach, it is worth comparing the accuracy of both approaches on more complex loading paths, with or without aging of the constituents.
Non-aging constituents
To check the accuracy of the two NTFA approaches, with global and local modes respectively, four tests have been performed. In this section, aging of the constituents is not taken into account. Test 1. Radial monotonic loading along a stress direction which has not been used for the identification of the modes, involving tension and torsion along the first axis:
The volume element is loaded at constant strain-rateε : Σ 0 = (1/ √ 2)10 −2 s −1 for 10 s. Test 2. A creep test in uniaxial tension in direction 3:
First a linear ramp is applied in 0.1 s from σ 33 = 0 to σ 33 = 100 MPa. Then σ 33 is kept fixed (= 100 MPa). Test 3. A relaxation test under uniaxial tension (σ ij = 0, except σ 33 ). The overall strain in direction 3 is increased in 0.1 s from 0 to ε 33 = 0.02 and kept constant. Test 4. A non radial test involving a rotation of principal axes of the overall stress. The overall strain is imposed in the form
. Swelling is not activated. The response of the volume element is investigated for the first 5 cycles (20 s).
For all 4 tests, the predictions of the two NTFA approaches (with global or local modes) are compared with reference results obtained by full-field simulations using the material data in Table 1 . For completeness, the predictions of the TFA method (where the viscous strain is assumed to be uniform within each individual phase) have also been added for Test 1.
The comparison is carried out for three types of information: i) the effective response of the composite, ii) the average response of the phases, iii) the distribution of the stress field in the phases.
Effective response
The predictions of the two NTFA approaches, with global and local modes, for the overall response of the composite are compared in Figure 4 . In Figure 4 (a), the prediction of the TFA is also shown. The following comments can be made:
1. The predictions of the TFA deviate significantly from the full-field simulations. 2. Both NTFA approaches are in excellent agreement with the reference results. In other words, the coarser model (NTFA with global modes with 18 internal variables) is as accurate as the finer one (NTFA with modes per phase with 54 internal variables), at least for predicting the effective response of the composite. 3. It worth noting that although the modes have been generated from a set of snapshots corresponding to monotonic loading along specific directions, the NTFA models are still accurate for the more complex loadings of tests 2, 3, 4. 4. The same conclusion applies with or without swelling in the phases. 
Average response of the phases
The average of the stress in the three different phases are compared in Figure 5a , c, d for tests 1, 3, 4 and the average strain in the phases is shown in Figure 5b . The norm of the average stress σ (r) in each constituent is used for this comparison:
The predictions of the TFA are clearly unrealistic and will not be investigated further. The agreement of the two NTFA approaches with the reference results is again excellent, both with swelling and without swelling. In test 3 (relaxation), both approaches are able to capture the quick relaxation of stress in the the Pu phase, followed by a progressive reloading of this phase, consequence of swelling and of the relaxation of the two other phases. This illustrates the fact that even though the overall loading is monotonic, the local response in the phases can be quite complex, a complexity that the NTFA captures well.
Local stress fields
The local stress fields in the phases at the end of test 1 (at t=10 s) and test 4 (at t=20 s) reconstructed by means of the relation (15) are compared in Figures 6, 7 and 8 where the local norm of σ, defined as
is plotted. They can hardly been distinguished. It is only when comparing the probability distribution of the stress fields in the phases that a slight discrepancy can be observed. This is done in Figure 9 for test 1 and Figure 10 for test 4. The NTFA approach with local modes (dotted line) fits well the full-field simulations, whereas a little deviation can be seen with the NTFA approach with global modes. But the discrepancy remains small (compared to the dispersion of the results for different realizations, see Appendix A) and both NTFA approaches can be considered as being in excellent agreement with the reference results.
Gain in computational time
The CPU times for the different methods (TFA, NTFA with global modes, NTFA with local modes and full-field simulations) have been compared for Test 1. The different CPU times (Intel Core i7-2920XM) are as follows:
• Full-field simulations (discretization in 147 3 voxels): 1231 s.
• TFA (18 internal variables): 0.018s.
• NTFA with local modes (54 internal variables): 0.64s.
• NTFA with global modes (18 internal variables): 0.046 s. 
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The TFA is the costless method but is, by far, too inaccurate. Its accuracy can be improved by subdividing the phases into several subdomains but then its costs will be much larger than that of the NTFA with less accuracy. The gain in CPU times obtained by using the NTFA with global modes over the full-field simulations is 2 × 10 4 . This is quite significant. Finally the two NTFA methods with local and global modes differ in cost by a factor of 10 approximatively.
Conclusions
For non-aging constituents the predictions of both NTFA approaches, with modes defined in the whole volume or per phase, with or without swelling in the phases, are in excellent agreement with full-field simulations over a wide variety of loading paths. Given that the NTFA with global modes has less internal variables (18 instead of 54 in the NTFA approach wih local modes), the use of this reduced model seems amply sufficient for macroscopic structural calculations. The objective of the next section is to check the validity of this conclusion for aging constituents.
Composites with aging constituents
When the constituents of the composite are subject to aging, care should be used in the choice of the modes on which the decomposition (6) is based. By construction the modes do not depend on time, unlike the material properties of the constituents which, because of aging, vary with time. Therefore it is not clear which material data should be used in the tests from which the modes are constructed. A first possibility is to construct the modes as in section 4 with the initial material properties of the phases and to keep them unchanged through the whole evolution process of the material. The question which arises naturally is whether these modes, which are relevant in the initial stage of the deformation, contain sufficient information on the deformation of the microstructure throughout the whole loading history. Another possibility would be to use the material data at the end of the aging history or the actual aging properties, whenever they are known, to generate the modes. A last possibility is to mix the two sets of modes obtained with the initial and final material properties. The aim of this section is to investigate these different possibilities.
Aging constituents
The level of aging of the constituents depends on the history of irradiation to which the fuel is subjected. Since irradiation is a known function of time, specifying an aging history is equivalent to specifying a time dependence of the material properties of the constituents. Aging affects mostly the viscosity G v , whereas the other material properties (elasticity, swelling rate) can be considered as time independent.
Since aging softens the matrix (phase 1), the matrix fluidity increases with irradiation, corresponding to an acceleration of the creeping-rate. The increase in matrix fluidity with irradiation is a consequence of the increase in content of the plutonium (239 and 241) by neutron capture from uranium (238). To make things simple the variations of the matrix fluidity with respect to time on an interval of study [0, T ] are assumed to be bilinear, with a first linear ramp from 0 to a transition time t 1 and a second ramp from t 1 to the final time T (see Appendix C). The two intervals [0, t 1 ] and [t 1 , T ] correspond for instance to two different regimes of irradiation. The first interval corresponds to the case where uranium (238) and plutonium (239 and 241) contents are hardly consumed. This regime of irradiation is representative of low power pressure water reactor (PWR) conditions. The second interval corresponds to the case where the plutonium (239 and 241) and uranium (238) contents are consumed. This regime of irradiation is representative of PWR nominal conditions. The specific expression of G (1) v (t) corresponding to the plots of Figure 11 is given in Appendix C. It was obtained by the neutron model of the nuclear fuel code Cyrano3 (Baron et al., 2008) . The U clusters follow the same trend as the matrix but creep 3 times slower since the plutonium content is lower. Therefore the viscosities of phase 1 and phase 3 are linked through
and the evolution in time of the viscosity in the matrix and in the U clusters are parallel ( Figure  11 ).
As for the Pu phase, its viscosity is initially the lowest of the three phases (Table 1) , which corresponds to creep eigenstrains in the Pu phase being 2.5 time larger than in the matrix. Two scenarii for the time-dependence of the creeping properties of the Pu phase have been investigated corresponding either to softening or hardening of this phase relative to the matrix. These scenarii differ by the value of the parameter ζ which measures the variation of the 24 viscosity contrast between the Pu phase and the matrix :
is the initial contrast between the Pu and the matrix,
is the final contrast and ζ is the ratio between the initial and the final contrast. According to Table 1, the initial contrast is around 0.4.
1. The first scenario (Figure 11 left) corresponds to a softening of the Pu phase with respect to the matrix G
The viscosity of phase 2 (Pu) is a decreasing function of time, as in the other phases. The contrast between the Pu phase and the matrix is strengthened by aging. The deformation patterns should not change dramatically, the deformation being concentrated in the Pu inclusions and in zones linking them. The effect of the strengthening of the contrast should only be to increase the strain concentration in these zones. 2. In the second scenario (Figure 11 right) the Pu phase hardens with respect to the matrix,
, i.e. ζ ≤ 1.
When ζ = 1 the contrast between the phases does not change and the corresponding plots of the viscosities for the three phases are parallel (Figure 11 left) .
the viscosity of the Pu phase is an increasing function of time. And when ζ ≤
≃ 0.4 the contrast between the two phases is reversed: the Pu phase which was initially the softer phase becomes stiffer than the matrix (Figure 11 right) . This inversion of the contrast between the viscosity of the matrix and of the Pu clusters corresponds to an inversion of the magnitude of the creep strains in the phases and to a dramatic change in the deformation patterns. The question worth of investigation is how the NTFA can handle such an inversion with the same modes throughout the process.
It should be noted that the actual MOX behavior under irradiation corresponds to
≃ 0.57. The other cases are parametric studies considered for completeness.
The ability of the NTFA approaches to capture accurately the overall response of the composite as well as the local fields in the phases when the viscosities are time dependent has been investigated for the two scenarii. In both cases, the loading is a radial path along the stress direction (20) combining tension and torsion, the phase viscosities depend on time and swelling is taken into account.
5.2. Scenario 1. Softening of the Pu clusters with respect to the matrix: ζ ≥ 1.
In a first attempt the initial modes constructed in section 4, corresponding to the initial material data, were used in the two NTFA approaches (with global and local modes). Four different values of ζ (ζ = 1, 2, 3, 5) were investigated. The effective response of the composite is shown in Figure 12 phases the predictions for the average stress in the phases deviate from the reference results as ζ increases and this deviation increases with time ( Figure 13 ). The softer the Pu phase in its final state, the larger the deviation. This deviation on the averaged quantities reflects an even larger deviation on the local fields. This has motivated the introduction of a second set of modes. First the final modes corresponding to the final material data at t = T and for ζ = 5 are generated. For the same value of α 18 modes are required in the NTFA model with global modes and 54 modes in the approach with local modes. Then the two sets of modes, initial and final, are merged and become a new set of snapshots from which new orthogonal modes are generated by means of the K-L transform. The new set of modes has 36 and 108 modes respectively for the two approaches (for the same content of information α = 1 − 10 −4 ). The K-L transform does not reduce the number of modes and this can be attributed to significant differences between the initial and the final modes. The two NTFA approaches are implemented with the new sets of modes and the predictions for ζ = 2 and ζ = 5 are shown in Figure 14 . Even though the final modes have been computed only for ζ = 5, the agreement is excellent for ζ = 2 and ζ = 5, both for the effective response (Figure 12(b) ) and for the average stress in the phases (Figure 14) . If we now turn to more local informations, i.e. to the distribution of the stress field in the phases shown in Figure 15 , it is observed that the NTFA model with global modes is slightly less accurate than the NTFA approach with local modes, essentially in the U and Pu phases. However the difference remains small and given the reduction in cost provided by the model with global modes, it can be used with a good accuracy. To conclude this discussion, when aging makes the Pu phase even softer than in its initial condition, the NTFA with the initial global modes can be used to capture accurately the effective response of the composite. However in order for the NTFA to deliver an accurate local response of the composite, use of the NTFA with both the initial and final global modes is recommended. The resulting effective constitutive relations involve 36 internal variables. This number is significant but this is the price to pay to capture accurately both to the effective response and the local fields in the composite throughout its entire time history.
Scenario 2. Stiffening of the Pu clusters with respect to the matrix
We now turn to the most difficult situation, namely the case where the contrast between the Pu and the matrix switches from the initial state where the Pu inclusions are softer than the matrix (higher fluidity) to the final state where they are stiffer (higher viscosity). This situation corresponds to ζ ≤ 0.4. In the specific example under consideration here ζ was chosen equal to 0.1865.
To account for the expected change in the deformation patterns four different set of modes were generated and the predictions of the NTFA approaches for these four sets of modes are compared in Figure 16 with full-field simulations.
a) The first set of modes corresponds to the modes identified in section 4, constructed from snapshots obtained with the initial material data given in Table 1 . The constitutive relations for the two NTFA approaches involve respectively 18 internal variables (global modes) and 54 internal variables (local modes). It is first observed in Figure 16a that the predictions of both NTFA approaches deviate from the full-field results beyond t ≃ 7s, which corresponds to the inversion of the contrast between the matrix and the Pu clusters. Therefore the initial modes give a satisfactory answer before this inversion but not beyond it. A second observation is that the deviation of the NTFA approach with local modes remains smaller than that of the NTFA with global modes. Therefore the NTFA with local modes is preferable when only the initial material data are available.
b) The second set of modes has been generated using the final material data (the viscosities of the phases are taken as in Figure 11 at t = 10 s). Again, the constitutive relations for the two NTFA approaches involve respectively 18 internal variables (global modes) and 54 internal variables (local modes). Not surprizingly, the predictions of the NTFA approaches at the beginning of the test are not in good agreement with the reference results, as can be seen in Figure 16 (b) whereas they come closer to them at the end of the test. The approach with global modes deviates more significantly from the reference than the approach with local modes.
At this stage, it can be concluded that the modes computed with only the initial material data or the final ones do not lead to an accurate description of the effective response over the whole interval of study. The inversion of the contrast between the viscosities leads to a deep change in the deformation patterns. This change is illustrated in Figure 17 where snapshots of the viscous strain at t = 10 s computed with the initial material data and with the final material data are shown. When the initial viscosities are used, the viscosity of the Pu clusters being less than the viscosity of the matrix, the viscous strains tend to concentrate in the Pu clusters or to go through them. Conversely, when the final material data are used, the viscosity in the Pu clusters being larger than in the matrix, the strain tends to avoid the Pu clusters and to concentrate in the matrix. A good set of modes must be rich enough to accommodate this transition in the deformation patterns. This is clearly not the case if one chooses either the initial modes or the final ones. In order to complete the missing information in the choices a) and b), two other directions have been explored. c) A third set of modes was generated using the actual time-dependent viscosities of Figure  11 . More modes are necessary to achieve the required accuracy α = 1 − 10 −4 and the NTFA approaches involve respectively 24 internal variables (global modes) and 72 internal variables (local modes). The agreement of both approaches with full-field simulations is now excellent (Figure 16(c) ). The major down side of this way of generating the modes is that the whole time history of the viscosities of the phases is required, whereas in practice one has often access to the initial and final states of the fuel, but not to its intermediate states (which, in addition, may vary with the loading history). This has motivated the investigation of a fourth procedure. d) Finally the last predictions are obtained by considering both set of modes, initial and final, as snapshots, and applying the K-L transform to generate a new set of orthogonal modes. This choice is consistent with the above remark that often only the initial and final state of the material are known. Again the agreement with full field simulations is excellent (Figure 16(d) ). However, doubling the number of modes has a cost which is a doubling of the number of internal variables in the constitutive relations: 36 for the global modes, 108 for the local modes. On the other hand, by combining both sets of modes (initial and final) the model is more general and can be expected to cover various loading histories between the initial and the final states of the material.
In conclusion, when the contrast between the viscosities in the matrix and the Pu clusters is reversed, it is not sufficient to use a single set of modes generated with only the initial or the final material data. The best modes are obtained by using the actual aging material data (procedure c). If the history of these material data is not known, the modes obtained with the initial and final material data can be used to generate a new set of modes (procedure d).
The predictions for the overall response of the composite of the NTFA method with the modes generated by procedures a and b are not satisfactory for this case with contrast inversion. They will not be discussed any further. On the other hand, the predictions for the overall response of the composite of the NTFA method with the modes generated by procedures c and d (with either local modes or global modes) are excellent. It remains to check that they remain accurate for the field averages and for the field distribution in the phases.
The average stress in the phases are shown in Figure 18 . As can be seen the agreement is excellent for both procedures. As for the field distribution, Figure 19 confirms that when the modes are chosen according to procedures c or d the predictions of the NTFA are in good agreement with the full field simulations. Again the NTFA model with global modes is less accurate than the model with local modes. However the accuracy of the NTFA model with global modes is still very satisfactory and, given that this model requires less internal variables (36 for procedure d and 24 for procedure c), it is probably the best choice if the history of the material data is available. The procedure d should be preferred when the time history of the material data is not known.
Concluding remarks on aging constituents
Two scenarii have been considered in this section for the evolution of the contrast in viscosity between the Pu phase and the matrix. Concerning the choice of the modes, the following observations have been made, depending on the level of information which is expected. 1. Generating the modes with the actual, time-dependent, properties of the constituents leads to the most accurate model, both for the overall response of the composite, the average response of the phases and the distribution of the fields, independently of the evolution of the contrast between the phases. 2. When the time history of the material properties is not available, but the initial and final states of the constituents are known, the most accurate predictions at the same three levels (effective, average per phase, local fields) are obtained by merging the initial and the final modes. 3. When the contrast between the phases between the initial and final states is not reversed, accurate predictions for the effective response are obtained with the initial modes. However a more local description of the fields in the phases requires to combine the initial and final modes or to generate them with the actual time-dependent properties of the phases. 4. When the contrast between the phases is reversed, predicting accurately the effective response of the composite requires the initial and final modes. This is even more true for the local response. 5. The best compromise between accuracy and performance is to use the NTFA approach with global modes.
General conclusion
The present study has shown the capability of the Non Uniform Transformation Field Analysis to predict the overall response, as well as the distribution of the local fields, in three-phase viscoelastic composites with three-dimensional microstructure. In particular, its ability to handle individual constituents undergoing aging and swelling, in addition to creep, has been demonstrated. This situation is typically encountered in the nuclear fuel MOX under irradiation which has been chosen to illustrate the theory. The NTFA is based on the notion of modes which serve as shape functions for the viscous or transformation strains. Two different models have been investigated: a) In the first model (global model), the modes are defined on the whole volume element (global modes).
b) In the second model (local model), the modes are identified separately in each individual phase (local modes). This second model was initially proposed by Suquet (2003, 2004) for nonlinear viscous composites.
A first conclusion of this study is that, in the present context of linear constituents, the model with global modes is a good compromise between accuracy and cost. Its extension to nonlinear constituents remains widely open.
A second conclusion is that, for aging constituents, the best compromise for the modes is to combine the modes in the initial state of the material with those in the final state of the material. When the phases are non-aging, the effective response, the average response of the individual phases and the distribution of the local stress in the phases are shown in Figure A .21. The effective response of the 8 realizations are very close to each other. Therefore the characteristics of the volume element (number and size of the inclusions compared to the size of the cube) are sufficient to approach the effective response with a good accuracy. The size of this volume element is 150 µm, which is small compared to the size of the MOX pellet (4.0 mm). However the ratio between the size of the volume element and the largest inclusion (70 µm) is about 2.14. Figure A .21(a) shows that even if this ratio is not very large, it is sufficient to attain stationarity of the effective properties. However, this does not guarantee stationarity of other properties, such as the field distribution. Therefore the average the intensity of the stress over each individual constituent is also shown in Figure A .21(b) for the 8 different realizations. The intensity is defined as (σ ij σ ij ) 1/2 . Again the curves in each constituent show little dispersion, except in the U clusters where the difference between the min and max values can reach 6.0 % of the average stress. This discrepancy remains acceptable. Moreover the deviation from the mean value over the 8 realizations is less than 4 % for the first realization which will be retained to generate the NTFA modes. Given the small discrepancy, the size of the volume element can also be considered as sufficient to deliver a representative response for the averages of the fields over each phase. Finally the distribution of the local fields has been investigated and shown in figure A.21(c) . The standard deviation from the average does not exceed 13.0% and is maximal in the U clusters. For the first realization, which has been chosen for implementation of the NTFA, this deviation is less than 8 %.
When the phases are aging, the deviations among the eight representative cell realizations of materials exhibiting swelling and aging are similar to that observed in the previous cases of non-aging phases (see figure A.22) . 
